By using Volterra's relation, it is shown that a tangential dislocation in a gravitating radially inhomogeneous sphere can be characterized by discontinuities in the stress and displacement fields across the source surface r = r,,. This representation of the source facilitates the numerical evaluation of the displacement field.
Introduction
Observations of far-field residual strains caused by the Alaskan earthquake of 1964 March 28, opened new avenues to studies of earthquake sources. Immediately after this event, Press (1965) computed the residual displacement, strain and tilt fields for vertical, rectangular, strike-slip and dip-slip faults in a semi-infinite medium. Using this theory, Press showed, for the first time, that far-fields from major earthquakes are large enough to be detected by modern seismographs.
Mansinha & Smylie (1967) used Press' displacement functions to calculate the elements of the inertia-change-dyadic in a half-space model. Ben-Menahem & Singh (1968) derived explicit expressions for the deformation of a uniform, non-gravitating sphere due to an internal Volterra dislocation of arbitrary orientation and depth. These results constitute the theoretical nucleus of a fundamental study of Ben-Menahem, Singh & Solomon (1969) in which the displacements and strains were given everywhere on the surface of a spherical Earth model. Ben-Menahem 8t lsrael (1970) generalized the results of Ben-Menahem & Singh (1968) by calculating the residual displacement field at any point of a homogeneous, isotropic, non-gravitating, elastic sphere. The inertia changes due to earthquake and explosive sources were also calculated. It was shown that a spherical Earth model yields higher inertia changes than the corresponding half-space model.
Smylie & Mansinha (1971) have computed the changes in the inertia tensor of a real Earth model on the assumption that the Adams-Williamson condition does not hold. On the other hand they assumed that the radial component of the displacement has a jump across the core-mantle boundary. Dahlen (1971b) computed the inertia changes assuming the Adams & Williamson condition in the core. Although the numerical results of Smylie & Mansinha (1971) and Dahlen (1971b) disagree, both agree that a real Earth model increases the change in the inertia tensor i n comparison to a homogeneous sphere.
In this paper, we first derive the Green's dyadic for the static deformation of the real Earth. This dyadic is then used to obtain the explicit expressions for the displacements caused by an arbitrary tangential dislocation. However, these expressions are not convenient for numerical computation. Therefore, we find the jumps in the displacement and the radial stress vectors across the spherical surface r = ro passing through the source. Knowing these jumps the displacement field is easily computed numerically.
A detailed treatment is given for the case I = 1. This case poses some problems since a sphere of finite radius cannot maintain a static equilibrium under the action of an unbalanced force system. This point was overlooked by Smylie & Mansinha (1971) , whereas Dahlen (1971b) did not treat the case 1 = 1.
Assuming the validity of the Adams-Williamson condition, the change in the inertia tensor is calculated. OUI results are smaller by an order of magnitude from Dahlen's results. Using the expressions of the displacement given in the present paper for a source located near the Moho discontinuity, it is shown that Dahlen's results are unacceptable.
There are different conceptions in the literature on the possibility of solving the problem of static deformation when the Adams-Williamson does not hold. Longman (1963) and Dahlen (1971a) state that no solution is possible in this case. Jeffreys & Vicente (1966) did not exclude a possibility of the existence of a solution. Smylie & Mansinha (1971) have assumed a jump in the radial component of the displacement and compute the changes in the inertia tensor. Pekeris & Accad (1972) rejected Longman's statement; by considering an asymptotic theory for long-period bodily tides in real Earth they outlined the conditions at the core-mantle boundary. The conditions at the base of the mantle, obtained by Pekeris & Accad (1972) , are not identical to those obtained by Smylie & Mansinha (1971) . We show that the jump in the derivative of the gravitational perturbation potential assumed by Smylie & Mansinha is inconsistent with their own assumption about the discontinuity of the radial displacement. Our suggested jump for the derivative of the potential together with the jumps of the radial displacement and stress assumed by Smylie & Mansinha (1971) are shown to be equivalent to the conditions of Pekeris & Accad (1972) .
Our main interest is to assess the contribution of earthquakes to changes in the inertia tensor. Hence, by computing the changes of the inertia tensor also for a core with unstable density stratification, we rule out the possibility that the validity of the Adams-Williamson condition may lead to a different result. This is of interest because differences in results between Dahlen (1971b) and Smylie & Mansinha (1971) may have been due to their different assumption about the Adams-Williamson condition.
Equations of equilibrium
The equations of equilibrium in which the perturbation of the gravity field is taken into consideration can be obtained from the equations of the free oscillations of the Earth by setting the frequency equal to zero.
As in the case of the free oscillations, the problem of evaluating the residual displacement field, splits up into two independent problems. The first one deals with the spheroidal field and is represented by six radial functions y,, y,, y3, y4, y, and y6. The second problem deals with the toroidal field and is represented by yl' and yzf. We shall discuss these two problems separately. The y's have the same significance as in the case of the free oscillations. (See Alterman, Jarosch & Pekeris 1959)).
(a) Spheroidal j e l d
The equations of equilibrium yield
The dot signifies differentiation with respect to r. The non-zero elements of the matrix cij are: 212
The unperturbed density and gravity are denoted by Po@) and go@), respectively. Lamb's parameters are denoted by A(r), p(r) and the universal gravitational constant by G.
In the case 1 = 0, y3 and y, do not contribute to the displacement and stress fields since there is no transverse component. Hence y3 and y, are arbitrary. In this case equation (1) becomes M. Israel, A. Ben-Menahem and S. J. Singh Equations (1) and (3) apply to the shell (crust + mantle). To find the corresponding equations for the liquid core, we put p = 0 in these equations. We thus obtain, for 12 1, 2 1 1(1+ 1)
Note that go(r) can be determined from the density distribution po(r) by means of the relation Differentiating equation (6) with respect to r and inserting the values of jl, j 2 , j 5 , go from equations (4), (9, (7), (9), respectively, we obtain Equations (6) and (10) will be consistent if Thus, either
Po rl Equation (12) is equivalent to taking div u = 0. On the other hand, equation (13) is the Adams & Williamson condition (Adams & Williamson 1923) . We shall discuss first the case divu = 0.
Equations (4) to (8) 
The above system is equivalent to
The difficulty posed by this case was pointed out by Longman (1963) . Equations (15) determine y,, y,, y 5 , y6 in terms of one arbitrary constant. Assuming that y,, y 5 , y6 are continuous at the core-mantle boundary, we know y l , y 5 , y6 at the base of the mantle in terms of one arbitrary constant. Together with the discontinuity in y 3 , we have two arbitrary constants to satisfy three conditions at the surface of the Earth. An attempt to overcome this difficulty was made by Smylie & Mansinha (1971) . They have assumed that:
(1) In the core, equipotential surfaces, isobaric surfaces, and surfaces of equal density are all parallel both before and after the deformation. The deformed coremantle boundary need not coincide with the surfaces describing the deformation in the core; thus y 1 may be discontinuous. y,, which is also discontinuous, is related to y , by the relation (Smylie & Mansinha 1971, p. 344 )
b denotes the radius of the core; y,(b+O), yz(b+O) are the values assumed at the base of the mantle.
(2) The jump in y , does not result in cavitation, and since no change in core volume arises from spheroidal deformation of degree 22 1, there is enough superficial core material displaced by the mantle to fill back the cavities created by it.
(3) The variables y 5 , y6 are continuous at the core-mantle boundary (Smylie & Mansinha 1971, p. 344) .
Let us examine their assumption (3). The gravitational potential and its normal derivative are continuous, before and after the deformation, at an internal surface of discontinuity. We denote the gravitational potential before and after the deformation by t , b0 and $, respectively. We have The gravitational potential ij0 satisfies the Poisson equation
Neglecting second order quantities in u, the last two equations of (18) can be put in the form
Making use of equations (18), (20), (21) we obtain
From equations (19), (22) we conclude that by assuming a discontinuity in the radial component of the displacement, y , becomes discontinuous:
whereas y , remain continuous. This contradicts assumption (3).
The yielding of the core to low frequency bodily tides was investigated by Pekeris & Accad (1972) . They have defined a class of core models characterized by the equation A model in which P(r) is positive throughout the core was designated by them as uniformly unstable, and the one in which B(r) is negative as uniformly stable. The condition p = 0, requires that the Adams-Williamson condition must hold throughout
(24) the core. This was designated as the uniformly neutral model. By considering an asymptotic solution they have obtained the following results:
(1) In the case of uniformly unstable stratification the stress in the core tends to zero with diminishing frequency, except for a boundary layer of diminishing thickness near the core surface.
(2) Uniformly unstable and uniformly neutral models have no free oscillations with periods greater than the fundamental spheroidal oscillation for 1 = 2.
(3) Equations (16) and (23) hold at the base of the mantle. We shall compute the changes of the inertia tensor for an Earth with a core of unstable stratification and assume at the core-mantle boundary the following conditions; y , and y, discontinuous, y2 and y6 discontinuous according to equations (16) and (23). y4 and y , continuous. Table 1 compares the treatment of the core-mantle boundary given by different authors. The case of neutral stratification is discussed below.
We put Y7 = 4xGp0 yl + y 6 * From equation (6), we then have Table 1 Comparison of various treatments of core-mantle boundary conditions for spheroidal deformations of degree I 2 1 when the Adams-Willianison condition does not hold. Longman (1968) and Jeffreys & Vicente Dahlen (1971a) ( 1 966 Using equations (4), (7), (8), (13), (25) and (26), we find
It may be noted that by knowing y,, the accompanying change in the density, p l , corresponding to the index pair (m, I) can be found:
Equations (13), (26) and (28) then yield:
The boundary conditions at r = b require the continuity of y,, y,, y4, y , and y,.
To facilitate the numerical calculation we have transformed the differential equations related to uniformly unstable stratification. From equations (1 5), (16), (23), (24), (25) and (26) we find that in the cases of uniformly unstable and neutral stratification, the differential equations and the boundary conditions at r = b+O are:
In both cases p1 can be put in the form 1 p1 = ( l -P O 2 y5 ynt, t(e, 4). Here we have the following set of two simultaneous, linear, differential equations
There is no toroidal field in the core and, for Z = 0, it vanishes in the shell as well.
Derivation of the Green's dyadic
A straightforward method of finding the Green's dyadic makes use of the response of the medium to a single force. If u(r) denotes the displacement field induced by a unit force at r = r, in the direction of a unit vector fo inside the sphere, then the Green's dyadic, G, is given by Let the body force per unit volume be given by It can be shown (Singh & Ben-Menahem 1969a ) that where a star signifies the complex conjugate and where Pm, do, 4) = er Ym, do, 4)
We put
Comparing equations (38) and (40), we obtain 
In equations (42) and (43) 
Conditions (42) and (43) are to be used for 1 2 1. For 1 = 0, we require that there being no toroidal component. We are now prepared to derive the response to a unit force, and then, through equation (36), find the Green's dyadic for a real Earth.
(a) Spheroidal (1 # 0).
Near the centre of the Earth the system of equations (30) has one regular solution (Longman 1963) . Therefore, at r = b-0, y , and y, are known in terms of an arbitrary constant. Let y , = cll at r = b. Then, the integration in the core yields y,(b-0) = &y5(b) where E is known. From equations (25) and (31), we have Suppose that at r = b+O, y , = c12.
Y2(b+O)
At r = b we require continuity of y4 and y,. The general solution of the set of equations (1) for the region b < r < ro assumes the form
where the non-zero elements of y ( j ) at r = b+O are
Note that the value of y 3 at r = b+O is the arbitrary constant c13. At the free surface r = a the boundary conditions
Residual deformatioa of real Earth models must be satisfied. Let y , = a4, y 3 = a,, y , = a6 at r = a. Then, for ro < r < a, 
The source condition (45) renders at r = ro. Applying the source condition (43), we get, at r = ro
On using equation (44) and introducing the notation
( 1 ) -
In the above equations yl('), etc. stand for ylt(')(r0), etc.
Using the scheme outlined above, we obtain j, = 1, j , = 3, j3 = 1, j , = 2, and, for r, < r < a (7 1) j , = 4, j , = 6, j , = 2, j , = I , x;,, = 0; j = 1,2, x:2 = A:2/Ao.
It will be shown later that the term corresponding to 1 = 1 in equation (68) diverges.
Displacement field
The Green's dyadic for the real Earth can be used to derive the displacement field. Consider a point dislocation of area dS with a unit normal no@,) inside a sphere of radius a. Let the displacement dislocation be uo(ro). The displacement at any point P(r) is given by the Volterra relation (Ben-Menahem & Singh, 1968) where (72) ( 73) and where I denotes the unit dyadic. The subscript zero means that the corresponding operations are to be preformed in the (r,, O, , c$o) co-ordinates (see Fig. 1 ). Smylie & Mansinha (1971) and Dahlen (1971a) found that equation (72) holds for tangential dislocations in radially heterogeneous gravitating Earth model. We shall now apply Volterra's formula (72) to compute the displacement field due to a shear dislocation in a real Earth model by using the expansion for the Green's dyadic given in equation (68). 
r0
The direct evaluation of the functions PIi, gIi, fi' requires a differentiation of certain determinants, as seen from equations (69) and (77). To avoid this operation we use the following device. For example, the evaluation of PI''), requires the differentiation of xj,4(ro) with respect to P,. However from (69), xj,4(r,) satisfy the equation where the only non-zero element of bi is b4 = 1. Differentiating equation (79) with respect to ro and using equation (I), we get 
Making use of equations (85) and (89) the functions /l/i)y g/')#) take the simple form:
fr") = ~/j4)(r~)y~~(j3)(r); i = 1,2.
Equations (86)-(88), (90) and (91)
give the jumps in the radial stress vector and in the displacement vector across the surface r = ro. These jumps were computed for a homogeneous, non-gravitating, infinite medium by Wason & Singh (1971) . The expressions obtained here for a gravitating, inhomogeneous sphere are identical with their results. These results suggest that in deriving the field due to a tangential dislocation one need only to solve numerically the equations governing the radial functions for r > ro and r < ro, and then apply equations (86)- (88) and (90)
-(92).
The behaviour of the functions p/i)(r,ro) and g / i ) ( r , r o ) for a source placed at the Moho discontinuity can be seen from equations (86) and (92). We require the continuity of the functions y!"(r) when the elastic parameters are discontinuous. From equation (88), b , may be discontinuous. Therefore, from equation (86) we note that Zjk(ro) may be discontinuous. From equations (86), (88) and (92) it can be easily seen that p/'), g/'), p/", g j 3 ) are discontinuous and that /3/' ), g/') are continuous at the Moho discontinuity.
Displacement field (I = 1)
It was found by Ben-Menahem & Singh (1968) that in the case of a homogeneous sphere the term corresponding to 1 = 1 in the expansion of the Green's dyadic diverges. To avoid this difficulty, they first evaluated the displacement field in an unbounded medium due to the dislocation and then proceeded to the case of a sphere of radius a. To find the displacement for a real Earth we take the jump in the displacement vector and the radial stress vector across r = ro for a sphere to be the same as for an infinite medium. Therefore, equations (86) and (90) hold for 1 = 1 as well. We consider the toroidal and spheroidal motions separately. I yi' = cl r, (ro < r < a), yl' = c2r, (b < r < ro).
For toroidal motion we are interested in Case 11 only. In Cases I and I11 1 = 1 does not contribute to the toroidal field. In Case I1 y,' is continuous across r = ro. The discontinuity at r = ro in y , is given by equation (90) and we have an equation which connects ct and c2. The second equation is obtained by applying the condition that the angular momentum of the sphere about its centre remains zero. From equations (9), (97) and (98) For spheroidal motion we are interested in Cases II and 111 only. From equations (86) and (88), 4'8 is continuous across r = ro. Furthermore, y , should be finite at the origin and continuous across the mantle*ore boundary. Therefore y,(r) = 0 (0 < r < a) (102) From equation (102) and (54) we find that A = 0 and so we cannot find the displacement from equation (68).
Using equation (102) the equations governing the field can be represented by y: I 9 i = 1, ..., 5. Since we obtain, for ro < r < a, a solution in terms of three constants.
(2/r) y5(a)+y6(a) = 0 is automatically satisfied by (102).
equation
Note that
In the core we find from equations (30) and (102) 
r go
Equation (104) has a finite solution at r = 0. We can begin the integration from r = b in terms of three arbitrary constants. We now have five equations to determine six constants. To obtain the missing equation one has to apply the condition that the centre of mass of the sphere is not displaced.
Changes in the inertia tensor
for a homogeneous sphere. We shall use here the notation of the above paper. Ben-Menahem & Israel (1970) have computed the change in the inertia dyadic
The inertia dyadic J for the underformed sphere is given by the volume integral where I is the unit dyadic, r is the position vector and p o the density prior to the deformation. The change in the inertia dyadic in the epicentral co-ordinate system, 8, can be written in the alternative forms, M. Israel, A. Ben-Menahern and S. J. Singh Equation (106) uses the Lagrangian approach. This representation enables one to integrate over the undeformed volume I/. Equation (107) on the other hand uses the Eulerian approach. The integration in this case is to be preformed over the deformed volume V,. Note that the dependence of p , on 8 and + is the same as that of u,. We have preferred the use of equation (106) in the mantle, the integration over the core was done by equation (107).
Computations based on equations (106) and (107) Here Oo is the co-latitude, +o the longitude drawn eastward from Greenwich and cto the fault's azimuth taken clockwise from the north toward the fault's strike. 
+*z, P
Here, p is an arbitrary density chosen to make equation (1 13) dimensionless. It was taken to be the mean density of the Earth, namely p = 5 * 5 1 7 g~m -~.
(115) The density radial functions p,(')(r), pl(,)(r), pI(,)(r) are obtained by solving equation (1) with the conditions (86), (88) and by applying (32).
The functions F , and F , are discontinuous at the Moho discontinuity since the functions p{'), g['), /3f3), gr(,) are discontinuous there. F 2 is continuous at the Moho discontinuity.
To compute the elements cij for an earthquake with arbitrary orientation angles 6 and A, we use the relation for the displacement field given by Ben-Menahem & Singh (1968) u = cos A{sin6u(')+cos6~(~)**}+sin A{sin26~(~)-cos26u(~)}.
( 1 16) The displacement fields u(l), u('), u(,) correspond to cases I, 11, 111, respectively. u(')** is obtained from u(') by replacing 4 by (4-+n). Using equations (106), (107) and (1 16 Table 2 ), the functions Fi were The computations were done for a uniformly neutral density stratification ($ = 0) and for unstable stratification in the core (B = 0.2). It is found that the numerical values obtained for the functions Fi in the two cases differ by less than 0.1 per cent. Thus, the curves describing the functions Fi(ro), i = 1,2,3 (Figs 2, 3, 4) correspond to two Earth models: one with a core in neutral stratification and the other with a core in unstable stratification. The angular functions of Ic,,+ic,,l are given in
Figs 5 and 6. Dahlen (1971b) used the functions rl, r3, T2 instead of our F,, F,, F , but the two sets of functions are directly related. We have shown in the previous section that F, and F, have jumps at the Moho discontinuity. Since rl, T, are directly related to F,, F, we expect to find jumps in T,, T,. However, the curve for rl in Dahlen (1971b) is continuous at the Moho. This suggests a possible error in
Dahlen's analysis. The solution for a homogeneous non-gravitating sphere was given by BenMenahem & Israel (1970) . To obtain a partial check on our program for real Earth Finite faults have been approximated by point sources. non-gravitating Earth, a solid sphere with a = 6371 km, L = 3-47 x 10l2 dyn cm-2, p = 1 . 4 6~ 1OI2 dyncm-2, and p = 5 . 5 1 7 g~m -~. To make the results of these two models more realistic we have taken A(ro), p(ro) at the source level from the real Earth model. An example which illustrates the dependence of the polar shift, for the Alaskan earthquake of March 1964, on the source's depth and fault geometry is given in Table 3 . The polar shift for a single earthquake is given by where w is the observed angular frequency of oscillation of the free Chandler wobble, u the mean angular velocity of the diurnal rotation of the Earth, and A is the mean equatorial moment of inertia. In our computation we have assumed w = 1.69 x 10-' radians per second, u = 7.292 x A = 8.042 x lo3' kg . m2 radians per second, It can be seen from Table 3 that thecase of a strike slip fault ina real Earth model, yields polar shifts which are much smaller than the corresponding values for a homogeneous Earth model. One reason of this discrepancy is that in this case the polar shift is proportional to the rigidity at the source. In homogeneous Earth model p(ro) has been assumed to be equal to the average value of the rigidity throughout the Earth. This value is generally larger than the corresponding p(r,) in real Earth models. Note that for a dip slip source the polar shift is almost proportional to the focal depth. This conforms with the similar behaviour of the displacement field (Singh & Ben-Menahem 1969b) . Contrary to this, Dahlen's results indicate a decrease (though small) of the polar shift with depth. In a strike slip event and in Case I11 there is little change with depth. Table 4 Computed and observed Chandler power as given by Dahlen (1971) 
p. 21).
Some attempts have been made during the last few years to test the hypothesis that earthquakes maintain the Chandler wobble. A detailed discussion on this subject was given by Dahlen (1971b) . He used an empirical relation to estimate the total excitation of the Chandler wobble by all observed large earthquakes since 1904. Table 4 summarizes some computed values of Chandler power, as given by Dahlen (1971) , compared with the observed. Although the results seem to be unsatisfactory, Dahlen inferred that the cumulative effects of past earthquakes was sufficient to maintain the observed level of the wobble. He argued that it is possible that the slip areas of many earthquakes were underestimated by a factor of 5-10. The Chandler power computed by Dahlen (1971b) is directly related to the square of the slip area as well as to his radial functions rl, r2, r3. These functions are several times larger than our corresponding functions. Hence, our results indicate that the Dahlen's computed theoretical Chandler power (Table 4) is an overestimation. We conclude, therefore, that earthquakes cannot be the only mechanism responsible for the wobble.
